Tuberous sclerosis complex (TSC) is caused by heterozygous mutations in either the TSC1 (hamartin) or the TSC2 (tuberin) gene. Among the multisystemic manifestations of TSC, the neurodevelopmental features cause the most morbidity and mortality, presenting a considerable clinical challenge. Hamartin and tuberin form a heterodimer that inhibits the mammalian target of rapamycin complex 1 (mTORC1) kinase, a major cellular regulator of protein translation, cell growth and proliferation. Hyperactivated mTORC1 signaling, an important feature of TSC, has prompted a number of preclinical and clinical studies with the mTORC1 inhibitor rapamycin. Equally exciting is the prospect of treating TSC in the perinatal period to block the progression of brain pathologies and allow normal brain development to proceed. We hypothesized that low-dose rapamycin given prenatally and/or postnatally in a well-established neuroglial (Tsc2-hGFAP) model of TSC would rescue brain developmental defects. We developed three treatment regimens with low-dose intraperitoneal rapamycin (0.1 mg/kg): prenatal, postnatal and pre/postnatal (combined). Combined rapamycin treatment resulted in almost complete histologic rescue, with a well-organized cortex and hippocampus almost identical to control animals. Other treatment regimens yielded less complete, but significant improvements in brain histology. To assess how treatment regimens affected cognitive function, we continued rapamycin treatment after weaning and performed behavioral testing. Surprisingly, the animals treated with the combined therapy did not perform as well as postnatally-treated animals in learning and memory tasks. These results have important translational implications in the optimization of the timing and dosage of rapamycin treatment in TSC affected children.
INTRODUCTION
Tuberous sclerosis complex (TSC) is a tumor suppressor disorder caused by heterozygous mutations in either the TSC1 (hamartin) or the TSC2 (tuberin) genes (1, 2) . Loss of heterozygosity (LOH) of either gene (3, 4) and activation of the mTORC1 kinase (3, 5) are important molecular features associated with TSC pathology. Although TSC affects multiple organs, neurodevelopmental defects result in the most substantial morbidity and mortality. Tubers, subependymal nodules and subependymal giant cell astrocytomas (SEGAs) represent common TSC neurodevelopmental abnormalities (6, 7) and are associated with intellectual disability, autism and epilepsy. The prevention and management of these developmental brain lesions are major challenges in caring for patients.
The hamartin and tuberin heterodimer inhibit the rapamycin-sensitive mTORC1 signal transduction pathway † Present address: Department of Neurology, The University of Chicago, Chicago, IL, USA. * To whom correspondence should be addressed. Tel: +1 7135005762; Fax: +1 7135005689; Email: michael.j.gambello@uth.tmc.edu # The Author 2012. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oup.com that controls translation, proliferation and cell growth (8) (9) (10) . Preclinical trials have demonstrated significant rescue of many neurologic defects using rapamycin (11) (12) (13) (14) (15) , a macrolide that, upon binding to the intracellular binding protein FKBP12, inhibits the ability of the mTORC1 kinase to signal to its downstream effectors. These studies have paved the way for several human clinical trials that have recently resulted in the approval of everolimus, a rapamycin derivative, for the treatment of SEGAs (16, 17) . Nonetheless, the ability of rapamycin to rescue perinatal defects remains largely untested. A recent report demonstrated a promising effect of one dose of prenatally-administered rapamycin on the longevity of a Tsc1-Nestin mouse model of TSC (13) . Here, we substantially extend those studies by comparing and contrasting the histological and behavioral effects of different perinatal rapamycin treatment regimens in the previously reported Tsc2-hGFAP neuroglial mouse model of TSC (18) .
Using the Tsc2-hGFAP mouse model, we have shown that the loss of Tsc2 in radial glial progenitor cells recapitulates many brain manifestations of TSC. Tsc2-hGFAP animals have cortical and cellular hypertrophy, heterotopias, defects in lamination and myelination, astrogliosis and die at about one month of age (18) . These defects are a combination of prenatal and postnatal neurodevelopmental abnormalities and thus provide a good model for the study of perinatal treatment of TSC. Using the Tsc2-hGFAP model, we sought to systematically determine the most effective treatment regimens to rescue neurodevelopmental defects. We show that combined rapamycin treatment resulted in almost complete rescue of neuronal and glial pathologies, while prenatal or postnatal treatment alone yielded less complete but significant improvements in brain histology. Surprisingly, the animals treated with combined therapy did not perform as well as postnatallytreated animals on learning and memory tasks. These results show that rapamycin can rescue perinatal neurodevelopmental Figure 1 . Prenatal, postnatal and combined rapamycin treatments improved health, weight gain and longevity. (A) Rapamycin treatment regimens and their relationship to brain development. Prenatal treatment was from E12.5-birth (P0); postnatal treatment from P0 to weaning (P21); combined treatment from E12.5 to P21. In the cohorts used for histology and longevity studies, prenatal treatment stopped at birth (open circle), postnatal and combined treatments were stopped at P21 (open circle). (B) Brain lysates from newborn animals after 0.1 mg/kg prenatal rapamycin treatment from E12.5 to birth were analyzed by immunoblotting. The levels of phosphorylated S6 (pS6), an indicator of mTORC1 activation, were decreased in the lysates of the rapamycin-treated Tsc2-hGFAP (mutant) animals, although not to control levels. Total S6 was unaffected. (C) Immunoblots of cortical and hippocampal lysates from P21 mice treated with 0.1 mg/kg i.p. rapamycin from P0 to P21. Levels of pS6 in the untreated Tsc2-hGFAP cortex and hippocampus were increased. Treatment reduced mutant pS6 levels to approximately untreated control levels. Total levels of S6 remained unchanged. Based on these results, daily 0.1 mg/kg i.p. was used for further experiments. (D) Control and Tsc2-hGFAP mutant mice at P21 after the different rapamycin treatment regimens. (E) Graph demonstrating an improvement in weight gain for all rapamycin regimens compared with untreated Tsc2-hGFAP mice (solid black line). Rapamycin treatment regimens had no effect on weight gain in control animals. (F) The Kaplan-Meier survival plots of untreated and all treatment regimens after the cessation of rapamycin. Colored arrows correspond to day of rapamycin cessation for specific groups. Median age of death: MUT-untreated P23 (n ¼ 20); MUT-prenatal P31 (n ¼ 12; P ¼ 0.08); MUT-postnatal P45 (n ¼ 6; P , 0.001); MUT-combined P41 (n ¼ 5; P ¼ 0.0001).
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RESULTS
To examine whether rapamycin could rescue some or all defects in Tsc2-hGFAP mice, we designed three rapamycin treatment regimens to target prenatal and/or postnatal developmental abnormalities (Fig. 1A) . We optimized a rapamycin dosage (0.1 mg/kg i.p. daily) that suppressed mTORC1 activity as measured by levels of phosphorylated ribosomal protein S6 (Fig. 1B and C) , but did not kill embryos or retard postnatal growth. This dose is 10-50-fold lower than that used in other studies involving TSC mouse models (11 -14) . Rapamycin treatment was stopped at birth in the prenatal group or at postnatal day 21 (P21) in the combined and postnatal groups. Animals were either sacrificed for brain histology or observed for longevity. Combined treatment had the greatest effect on reducing the number of ectopic neurons in the SO ( * * P , 0.005; * * * P , 0.0005). Data represent mean +SEM. MZ, marginal zone; SLM, stratum lacunosum-moleculare; SO, stratum oriens; DG, dentate gyrus.
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Human Molecular Genetics, 2012, Vol. 21, No. 14 In all treatment groups, rapamycin improved the health of Tsc2-hGFAP mice (Fig. 1D , E, F). The postnatal and combined treatment groups were healthy and appeared indistinguishable from controls at P21, but began to die from seizures at about P40 (Fig. 1F) . These results further demonstrated that rapamycin treatment must be continued to prevent death in mutant animals as shown in other models (11, 12) . Nonetheless, the median age of survival of both postnatal and combined groups was significantly longer than untreated mutants. Prenatal treatment had a modest effect on health, and did not significantly alter the median survival. These attenuated effects of prenatal treatment are likely due to the reactivation of mTORC1 after the cessation of treatment at P0 as demonstrated by increased phosphorylated S6 (pS6) immunostaining ( Fig. 2A) .
Phosphorylation of S6 in the brains of the postnatal and combined treatment groups at P21 ( Fig. 2A ) was decreased compared with untreated mutants, consistent with the immunoblot analysis used to optimize the dose of 0.1 mg/kg (Fig. 1C) . Further histologic analysis demonstrated significant reduction in cortical enlargement and cellular hypertrophy in all three treatment groups (Fig. 2B, D , F, G). The effects of combined treatment on cortical and hippocampal organization were most striking (Fig. 2B , C, E). Prenatal and combined treatment restored the cell sparse marginal zone (MZ) that was thinner and less defined in the untreated and postnataltreated brains (Fig. 2B) . The hippocampal pyramidal layer of the combined treatment group was well organized and almost indistinguishable from control ( Fig. 2C and E). Prenatal and postnatal treatment also improved hippocampal organization, although the CA1 and CA3 regions remained somewhat disorganized. All untreated Tsc2-hGFAP animals have distinctive ring heterotopia in the stratum lacunosum moleculare (SLM) (Fig. 2C) . No heterotopia were seen in the prenatal or combined treatment samples. Small heterotopia were seen in two out of seven postnatal-treated animals. We then examined ectopic NeuN-positive cells in the stratum oriens (SO) to assess how rapamycin affected the abnormal position of these cells. Postnatal and combined treatments reduced the number of ectopic cells in the SO, but combined treatment reduced the number of ectopic cells to almost control levels ( Fig. 2E and H ). These results demonstrate that rapamycin can correct the abnormal migration of Tsc2-deficient neurons. The additive effect of pre-and postnatal rapamycin treatment on hippocampal organization is consistent with the in utero and postnatal development of this structure (19) .
To examine the effects of rapamycin on cortical lamination, we performed immunohistochemistry to detect the layer II-IV-specific transcription factor Cux1 (20) (Fig. 3A and B) . immunohistochemistry. Prominent astrogliosis in untreated mutant was defined by increased cortical GFAP expression. Postnatal and combined rapamycin treatment normalized GFAP expression. Prenatal treatment had little effect on the upregulation of GFAP. (B and C) CC1 and Olig2 immunohistochemistry to identify mature oligodendroglia in the midline cortex (B) and lateral corpus callosum (C). Many mature oligodendroglia were found in the control midline cortex and corpus callosum. In the same structures of the untreated Tsc2-hGFAP, there was a marked decrease in mature oligodendrocytes. Postnatal and combined treatments restored the cortical oligodendrocyte distribution to control levels ( * * * P , 0.001), whereas prenatal treatment had little effect. (D) Myelin basic protein (MBP) immunohistochemistry. MBP distribution in the cortex is almost absent from untreated Tsc2-hGFAP mice. Postnatal and combined treatment demonstrated significant restoration of the normal MBP pattern. Data represent means +SEM.
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Human Molecular Genetics, 2012, Vol. 21, No. 14 Both prenatal and combined rapamycin decreased the number of ectopic Cux1-positive cells in cortical layers V and VI of Tsc2-hGFAP mice. Postnatal treatment had little effect on the distribution of Cux1-positive cells. These results suggest that in utero administration of rapamycin can rescue the abnormal migration of cortical neurons to appropriate layers of the cortex. To further assess the effect of rapamycin on neuronal migration, we analyzed the fate of cortical neurons born at E15.5 using BrdU birthdating (Fig. 3C, D and Supplementary Material, Fig. S1 ). In control mice, the majority of BrdUlabeled neurons at E15.5 appear in the upper cortical layers. More BrdU-labeled neurons are present in the lower cortical layers of the untreated mutant, suggesting that the loss of Tsc2 affects the migration of some late-born neurons. Prenatal treatment increased the distribution of BrdU-labeled cells toward more superficial layers, whereas postnatal and combined treatments resulted in a BrdU distribution that was most similar to controls. These demonstrate that rapamycin can alter the abnormal migration of Tsc2-deficient neurons during both prenatal and postnatal cortical development. Loss of Tsc1 or Tsc2 in astrocytes causes reactive astrogliosis characterized by increased expression of glial fibrillary acidic protein (GFAP) (Fig. 4A) (18, 21) . Only postnatal and combined treatments prevented the astrogliosis. Prenatal rapamycin treatment had no effect on the overexpression of GFAP at P21 likely due to the reactivation of mTORC1 by P21 (Fig. 2A) . The effects of rapamycin on oligodendrocytes and myelination were examined. Untreated Tsc2-hGFAP mice at P21 showed a decreased number of mature cortical and callosal oligodendrocytes (Fig. 4B, C, E, F) . Prenatal rapamycin treatment had little effect on mature oligodendrocyte number. Postnatal and combined treatments significantly restored the number of mature oligodendrocytes in both the cortex and corpus callosum of mutant animals. These results are consistent with the late embryonic and postnatal maturation of oligodendroglia (22) . Cortical myelination is also a postnatal event. Accordingly, we observed substantial rescue of myelination defects in only the postnatal and combined treatment groups (Fig. 4D) .
While haploinsufficiency for Tsc1 and Tsc2 is associated with modest behavioral deficits (14, 23, 24) , the consequences of LOH on behavior have been more difficult to assess due to the lethality associated with many of these mouse models (18, 21, 25) . We found that 2 mg/kg rapamycin i.p. three times a week beginning at P10 was able to maintain the health and extend the lifespan of Tsc2-hGFAP mice as long as treatment continued (Supplementary Material, Fig. S2 ). Therefore, to asses if histologic rescue in the combined and postnatal groups led to improved brain function, postnatal and combined treatment groups were switched from 0.1 mg/ kg daily to 2 mg/kg rapamycin three times a week between postnatal days 35 and 44 to maintain their health and permit behavioral analysis (Fig. 5A) . Behavior testing was initiated after the first four doses of rapamycin and spanned P42-P120 (1.5 -4 months). After the completion of behavioral testing, brains were isolated for histologic analysis.
Spatial memory, which is sensitive to the manipulation of the TSC2-mTOR cascade, was tested using a modified 1-day version of the Morris water maze (MWM) task (26) (27) (28) . Consistent with this, control mice treated with 2 mg/kg rapamycin had significantly impaired long-term memory as indicated by increased latency (P ¼ 0.04) and path length (P ¼ 0.03) to cross the previous location of the hidden platform during a probe trial administered 24 h after training (Fig. 5B) . When the performance of the postnatal and the combined Tsc2-hGFAP treatment groups were compared, no significant difference in acquisition was observed (Fig. 5B versus C , left panels). Probe trials showed a decreased path length and significantly increased number (P ¼ 0.036) of platform crossings for the postnatal group when compared with those observed for the combined treatment group, suggesting enhanced memory. As the 1-day paradigm does not typically give rise to strong spatial localization, these animals were given daily training (four trials) for an additional 7 days. Consistent with our probe trial results, the postnatal group showed improved memory for the platform location on day 1 compared with the combined group. This difference was maintained throughout the training (P ¼ 0.037), with both groups acquiring the location of the hidden platform at similar rates (Fig. 5D ). When spatial localization was assessed in a probe trial given 48 h after the last day of training, a significant preference for the target quadrant was observed for the postnatal (P , 0.001), but not the combined treatment groups (P ¼ 0.204). No significant differences in either swimming speed or performance in a visible platform task were observed between the two treatment groups (Supplementary Material, Fig. S3 ).
Heterozygous Tsc2 +/2 mice have an impaired ability to discriminate between two similar contexts, a deficit that Figure 5 . Effects of rapamycin treatments on learning and memory. (A) Rapamycin treatment regimens and timing for behavior testing. Animals were treated with 0.1 mg/kg rapamycin daily starting at E12.5 (combined group) or birth (postnatal group). Between P35 and P44, rapamycin dosing was changed to 2 mg/kg three times a week to maintain the health of the animals. Treatment continued throughout behavior testing and ended at P120. (B) Left panel: latency to platform during a 1-day MWM training protocol (n ¼ 10 control untreated group, n ¼ 10 control postnatal rapamycin group; two-way repeated-measures of ANOVA with treatment and trial number as between-subjects factors: F(1,18) ¼ 2.95, P ¼ 0.103). Right panels: latency to platform and path length traveled during probe trial 24 h after completion of training (two-tailed, unpaired student's t-test; latency to platform P ¼ 0.04; path length P ¼ 0.03) (C) Left panel: latency to platform during a 1-day MWM training protocol (n ¼ 8 both groups; two-way repeated-measures of ANOVA with treatment and trial number as between-subjects factors: F(1,14) ¼ 3.01, P ¼ 0.105). Right panels: platform crossings and path length traveled during probe trial 24 h after completion of training (two-tailed, unpaired Student's t-test; platform crossings P ¼ 0.036; path length P ¼ 0.09) (D) Left panel: latency to platform during a 7-day MWM training protocol (n ¼ 8 MUTpostnatal rapamycin group, n ¼ 9 MUT-combined rapamycin group, two-way repeated-measures of ANOVA: group main effect F(1,15) ¼ 5.271, P ¼ 0.037). Right panel: quadrant preference during a probe trial 48 h after training (one-way repeated-measures of ANOVA (MUT-postnatal group) and ANOVA on ranks (MUT-combined group) with quadrant as between-subjects factor: F(3,21) ¼ 12.831, P , 0.001; Chi-square ¼ 4.600, 3 d.f., P ¼ 0.204). (E) Percent time spent freezing in shock cage or safe cage after 1 day of training in a context discrimination protocol (n ¼ 10 both groups; two-tailed, paired Student's t-test P ¼ 0.009 (control untreated); P ¼ 0.085 (control postnatal rapamycin). (F) Percent time spent freezing in shock cage or safe cage after 4 days of training in a context discrimination protocol [n ¼ 7 MUT-postnatal rapamycin group, n ¼ 9 MUT-combined rapamycin group; two-tailed, paired student's t-test P ¼ 0.014 (MUTpostnatal rapamycin group); P ¼ 0.37 (MUT-combined rapamycin group)].
* P , 0.05, * * P , 0.01, * * * P , 0.001. Data represent means + SEM.
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Human Molecular Genetics, 2012, Vol. 21, No. 14 could be lessened by pre-training rapamycin treatment (14) . Untreated control mice can distinguish between two similar contexts after 1 day of training as indicated by significantly more freezing in the context in which a mild foot shock was delivered (Fig. 5E ). In agreement with the previous results, control animals treated with rapamycin were unable to perform this discrimination. When both rapamycin-treated Tsc2-hGFAP groups were tested after 3 days of training, only the postnatal-treated group was able to distinguish between the two contexts (Fig. 5F ). Altogether, these results show that postnatal rapamycin can enable Tsc2-hGFAP animals to learn and remember. While combined rapamycin treatment produced a most complete histologic rescue, these animals had impaired memory when compared with the postnatal group. After the completion of behavioral testing, we analyzed the brains of the postnatal and combined groups to assess if 2.5 months of 2 mg/kg rapamycin treatment changed the brain histology that was observed at P21 after daily 0.1 mg/kg rapamycin. We found increased expression of phosphorylated S6 (240/244) above control levels (Fig. 6A) . While 2 mg/kg rapamycin three times a week was enough to maintain the health of the animals, it was not sufficient to suppress mTORC1 to control levels as we observed in the P21 brains. We also noted an increase in cortical thickness in the mutant animals compared with controls that would also be consistent with Figure 6 . Effects of 2 mg/kg rapamycin on cortical phosphorylated S6 levels and GFAP expression after behavioral testing. (A) There is increased expression of pS6 levels in the cortex of both the postnatal and combined groups, indicating that 2 mg/kg of rapamycin was not sufficient to maintain the mTORC1 inhibition observed at P21 after 0.1 mg/kg (Fig. 2). (B) The increased pS6 expression is accompanied by cortical astrogliosis. (C) Merge of A and B.
Human Molecular Genetics, 2012, Vol. 21, No. 14 3233 increased mTORC1 activity. The increased pS6 was accompanied by an increase in GFAP (Fig. 6B) , indicative of astrogliosis associated with mTORC1 hyperactivity as has been reported previously (18, 21, 29) . Hippocampal and cortical organization, lamination and myelination were unchanged compared with the histologic analysis observed at P21 after daily 0.1 mg/kg rapamycin in the postnatal and combined groups (Supplementary Material, Fig. S4 ).
DISCUSSION
In this study we demonstrate the prevention of Tsc2-associated neurodevelopmental abnormalities in a neuroglial mouse model of TSC using different perinatal rapamycin treatment regimens. Prenatal, postnatal and combined rapamycin treatment regimens were well tolerated and improved the health of Tsc2-hGFAP mice. However, discontinuation of rapamycin at P0 or P21 ultimately led to death, a finding consistent with previous reports (11, 12) . Of the three regimens tested, the combined treatment was most effective in restoring neurodevelopment. However, the observed reductions in cortical and hippocampal developmental pathologies did not correlate with memory function. The postnatal-treated animals performed better than the combined treatment group in two hippocampus-dependent memory tasks. The combined treatment, which targeted both in utero and postnatal neurodevelopment, remarkably achieved a histologic rescue that was almost indistinguishable from untreated control animals. The results of combined treatment were an additive effect of rapamycin on prenatal and postnatal developmental events. For example, the migration of cortical neurons to their appropriate layer is predominantly a prenatal event. Only prenatal and combined treatments were able to rescue the MZ and the distribution of Cux1-positive cells. Postnatal treatment had little effect on antenatal neuronal migration defects. Likewise, postnatal and combined treatments mainly affected developmental defects that are predominantly postnatal or continue through the postnatal period such as oligodendrogenesis, myelination and the later stages of hippocampal development (19, 22) . These results suggest developmental windows of opportunity for the perinatal rescue of TSC pathology with rapamycin.
The Tsc2-hGFAP mutant mice used in this study died postnatally, even if rapamycin treatment was maintained at 0.1 mg/kg given daily (Fig. 1F) . In order to test the consequences of rapamycin treatment on learning and memory, 2 mg/kg rapamycin was administered three times a week during the behavioral testing. This dosing was not adequate to suppress mTORC1 activation to control levels. This finding has clinical relevance and suggests that partial mTORC1 inhibition in human TSC patients may be adequate to improve neurologic function.
Although both combined and postnatal groups did appear to learn the MWM 7-day task, the performance of the postnatal group was found to be significantly improved when compared with the combined treatment group (Fig. 5C ). This improved performance was also observed when long-term memory was assessed, as indicated by increased search times in the immediate vicinity where the platform was previously located.
Consistent with this, combined treatment animals were incapable of performing a context discrimination task, suggesting that prenatal rapamycin exposure has subtle effects that significantly affect memory consolidation in this group. As the mTORC1 pathway participates in a number of processes critical for neurodevelopment such as neuronal growth, axon guidance, synapse formation and myelination, disruption of these processes could contribute to the observed memory dysfunction in the combined treatment group (30) (31) (32) (33) . Additional ultrastructural and dose -response studies would be needed to assess these possibilities.
The results of these and a previous study raise the feasibility of administering rapamycin to women carrying a TSC-affected fetus and/or treating TSC-affected children within the first few years of life (13) . Moreover, many TSC-associated functional deficits such as epilepsy and autism spectrum disorders often manifest within the first few years of life (7). In utero medical treatment has precedence. Periconceptual folic acid prevents neural tube defects (34) . Rapamycin is classified as a class C teratogen. Animal studies suggest adverse effects on the fetus, but there are no well-controlled human studies. There have been a few reports of pregnant mothers having received rapamycin in the transplant literature (35) . Most of the infants were phenotypically normal; however, no formal follow-up cognitive testing has been done. In spite of these observations, the negative effects of rapamycin on the behavior of the combined treatment group suggests that more preclinical studies need to be done to better assess the neuroanatomic and physiologic consequence of mTORC1 inhibition on the developing mammalian brain. Nonetheless, the postnatal studies are perhaps more encouraging and raise the possibility of clinical trial in infants or young children. Further studies are needed to assess dosages that would be beneficial, but not induce a failure to thrive phenotype as we and others have observed with high doses of rapamycin.
In summary, we demonstrate several novel developmental effects of rapamycin on a neuroglial-LOH model of TSC. These results suggest that rapamycin treatment during the early perinatal period might be an opportune interval to treat developmental disorders caused by mTORC1 dysregulation. Partial mTORC1 rescue in human TSC patients may provide significant therapeutic benefit. Our results will help better design future preclinical and clinical trials for TSC and other mTORopathies.
MATERIALS AND METHODS

Mice
Tsc2-hGFAP mice (Tsc2 ko/flox ;hGFAP-Cre) were generated and genotyped as previously described (18) . All protocols were approved by the University of Texas Health Science Center at Houston Animal Welfare Committee.
Rapamycin
Rapamycin (MP Biomedicals) was dissolved in 100% methanol at 1.0 mg/ml for storage at 2208C. Before use, rapamycin was diluted with PBS and administered i.p. at 0.1 mg/kg daily. Prenatal treatment was conducted by administering rapamycin
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Human Molecular Genetics, 2012, Vol. 21, No. 14 to pregnant dams from embryonic day 12.5 (E12.5), the approximate day of Cre expression in radial glial progenitors, until delivery (prenatal group). Postnatal treatment started at birth (P0) and ended at weaning (P21) (postnatal group). A third group was treated prenatally from E12.5 and then after birth until weaning (pre/post ¼ combined group). One group of treated animals was used for histologic analysis, and another group was observed for longevity. For behavior testing, animals were switched from 0.1 mg/kg rapamycin daily to 2 mg/kg rapamycin three times a week between P35 and P44.
Western analysis, histology and immunohistochemistry
Brain lysates were made from P21 animals and analyzed as previously described (18) . Briefly, P21 mice were anesthetized with 2.5% avertin and transcardially perfused with cold PBS followed by 4% paraformaldehyde. Hematoxylin and eosin staining and immunohistochemistry were performed as previously reported (18) . Antibodies 
Quantitative analysis
Three sections from three mice of each group were used for all quantitation. Sections were matched and a standard area was used for counting. ANOVA was used for analysis of data. The log-rank test was used to compare survival curves. For BrdU analysis, the cortex was divided equally into 10 bins, and a standardized width was used for counts.
Learning and memory testing
Experimenters were blind to the treatment groups. Animals were trained in two variations of the hidden platform version of the MWM task: 1-day version and a 7-day version (26, 27, 36, 37) . For 1-day training protocol, animals were given 12 consecutive trials (4 min inter-trial interval or ITI) in 1 day and a probe test 24 h later. For the 7-day protocol, animals were given four training trials a day (4 min ITI) for six consecutive days. A probe trial was given 48 h later. Movement within the maze was monitored by a video camera linked to tracking software. Analysis of data was done with unpaired, two-tailed Student's t-test (number of platform crossings and path length) and repeated-measure ANOVAs (learning curves and quadrant preference).
Context discrimination testing was done as previously described (38) . Briefly, animals were pre-exposed (no shock) to two contexts that shared certain features (horizontal grid floor, background noise, animal handling to and from the room) while differing in others (differently spaced grids, scent, distal cues, floor shape and color). Animals were given one trial a day of 3 min in each chamber with a minimum of 3.5 h between trials. In the shock chamber, animals were given a 2 s, 0.75 mA shock given at 148 s, while no shock was given in the safe chamber. Discrimination of the two contexts was assessed by comparing the time spent freezing (monitored in 2 s intervals) in each chamber during a test trial done on day 4 during which no shock was given. Analysis of the data was done with paired, two-tailed Student's t-test. Data were considered significant at P , 0.05.
